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ABSTRACT

The attenuation of a blast wave pzcssing through a

layer of bubbly water is investigated under assumptions that
permit an acoustic analysis. The presence of a small

amount of air in water reduces the speed of sound drastically,
often two orders of magnitude. For example, it is found

that in a mixture of air and water at STP. the speed of sound

is between 100 and 170 ft/sec for an air to mixture volume

ratio of 5 to 15 percent. It is shown that this phenomeron

can be used to harden underwater structures to fairly sizable

* compression waves (=5000 psi) and to produce a possible

order oi magnitude reduction in the overpressure for a single

bubble layer. Further attenuation may then be obtained by

a sequence of bubble layers.
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I wit ofbbl ae=aogtexai

M. elemental mass

M Mach number

P pressure

¶ Boltzmann gas constant

a entropy

I time

T temperature

U particle velocity

V elemental volumne

a bubble volume per unit mixture volume

Y specific heat ratio

Ix air to water mass ratio

P densityI
T I/c -
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I. INTRODUCTION

In recent years a great deal of interest has been evInced i- ticchniques

for protection of underground or undvrwatei strueturer s"; :'.e sectre

environment buch as could be produced by an atozine blast, or a blast of

conventional explosives. Most of the technjology has centered around making

a stronger structure rather than modifying time environment. The prescnt

work deals with a reduction of the blast wart befure it reaches an underwater

structure by means of a layer of bubbly watvr. It utilvtes the fact that the

presence of a small amtount of a:_- in water redut s the sound speed, c,

d..Aicaliy, often two orders of magnitud&. Sincte the acoustic impedance is

given by pc , there is a signifi,--art impedance mismatch at the boundary

between water and bubbly water. This factcanbeusedto reduce overpressures

of 5000 psi or so to meaningful levels.

It is known t 1 2 that the addition of a small amount of air (or other gas)

to water produces a drastic change in the speed of sound in the mixture. For

example, it is found that for a mixture of air and water at STP, the speed of

sond sbten10ad10f/e for an air to mixture volume ratio of 5

to 1 5 percent. This compares with about 5000 ft/sec in water and about

1100 ft/sec in air. These phenomena have been verified experimentally as

well as derived anaiytically t ' 2,3

It is shown in this paper that this phenomnenon can be used to harden

underwater structures to fairly sizable compression waves and to produce a

ipossible order of magnitude reduction in the overpressure for a single bubble

layer. Here attenuations are theoretically obtained for a single bubble layer;

f,.ther attenuation of a water shock may be obtained then by a seq'ence of

bubble layers placed before the site.

Since the properties of bubbly water are knowi5 , but not well disseminated.

the following section presents a survey of the present status of bubbly water

physics, Section III deals with the application of the results of Section II to

attenuation cC pulses. Section IV contains the conclusion of this sttuAdy TM

1 5 i I I I ; i• -- ~... ... i ;- ........ . . . -



principal aasumption in thc i resent work is that all analybu-ti arc clibefltially

acoustiv.. Refercncc 3 ibsai~nilar to the pruscnt work cxcr~t that the acousticII arssumptions are not madc. anI exact1 characterist~c m~cihodb arc ubed in
Ref. 3. The simplicity of the acoustic assumptions make tbe presfnt work,

Ru easier to apply and make interpretation ofZ the resultsz more straightforward.

Ii Since Ref. 3 is more exact than tepresunt work, it is heiavily relied upon

j I for comparisonsm.



11. PROPERPTIES OF TH1E IDUBLY NVATER
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wher -fl is th wate dest.Tesedo sudihngvn

i) -i -,". A-

duhere Pw is the water density. The speed of sound is then given, of a

2 o

ableoIgives i the result of suc a< calcuation
Llbis analrsis gives an infinite sound speed for can 0, a l; this aorrain, is

doe to the neglect of the compressibility of water and the density of air in

first approximation. Equation (4) is plotted in Fig. I for P 0  14.7 psi, and

pw 193-B8lb seC2 
_= 62._4 lb/ft__3 .

pp (5)8 8 _ _ __ _

W f4\32.,2 ft/sec1/

Table I gives the result of such a calculation.

For a inure complete analysis, one can use the results of Parkin,
3

eilmoren and Brode. If one assumes that temperature cbyages in the water

can be neglected during the heat flow occurring in the compression, and that
the dynamic e-ffects in the bubbles are of no consequence, one can derive an

equation of stathe for the mixture

4 +- " _:"I =~ ( 5)
Ta txP ±p (l + P/k)

where ti is the ratio of the mass of air to the mass of water in a volume

clement and is given by

= 0 a
-1 -a .w (6)

In Eqs. (3) and (6). P is the pressure, k is the bulk modulus of the

w•tcr, Ta is the air temperature, p is the density ot the mixture, p is the

a4

-4-!
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water density at zero hydrostatic pressure, Pa is the air density, and pw is

the water density. To describe the equation of state of the air alone, it will

be assumed to be a perfect gas:

PT
PaTa

*2 4 5
For this report, the values p = 1.93788 lb-sec /ft , and k 3 x 10 psi will

be used. The parameter R± can be obtained as a function of a, and is

Pin I a0S=g{T p•(1+P/k) 1-a O -a

Two cases are of interest in computing the speed of sound in the

mixture; they are the isothermal bubble and th#- adiabatic bubble.

If the air-water mixture is initially in thermal equilibrium, then

T = T . This temperature is assumed constant througho'it the deformation.
a w2

The speed of sound is given by c - (dP/dp). From Eqs. (5) and (7), one

obtains

r [1 -i P-

i 7 I + L)p*(1 4 P/k)2-

As is easily deduced, this speed of sound is least for a = 1/2, which result is

also obtained from Eq. (4).
If the process is assumed to be adiabatic, then the air is described by

[ dT
a dP10)

a -5. P

S•_ •• .... • ...... r-- -•--•,,,• rT •, f' ,•-•l r ---.
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where y denotes the ratio of specific heats for air. From Eqs. (5), (7), and

(10) one obtains:

Sa -[ t +n)p- Pi+ k(

These are plotted in Fig. I as functions of a for sea level, SrFP conditions.

For iow-pressure P/k << 1, 0 < a< 1.

!__aa<< 1,

=a- Pw

22
ci ¶jI -••(i +>x'[+a ,p/ an (2

2 2
ca PSci

For greater depths, the results are similar except that P increases

(see Table II).

The above analysis will yield a fairly accurate value for the sound speed

in bubbly water. It is based primarily upon static and quasi-.sraronaiv

thermodynamics. There are, however, some additional effects, usually

second order, that can be taken into account. For the purposes of this

analysis and the acoustic assumptions used, these second order effects are of

little importance; for completeness, they are mentioned below.

First, the bubbles will not behave in a quasi-static fashion when acted

upon by a disturbance, bout will have a ,•y.a... response pattern of their own. 3

Further, and probably more important, the thermodynamics of bubbles will

be quite complicated, and allowance should be made for such higher order

effects, as well as effects of reflected waves in the media, state changes due

to waves passing through the medium, etc, It is estimated that for bubbles

initially smaller than 0. 01 in. in radius, the time required to cool to the

j -6-
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temperature of the wrrer from a higher temperature is a few milliseconds.

For bubbles an inch or so in radius, the cooling times are so long that a

reversible adiabatic process should be assumed. The latter conclusion is

only valid so long as the bubbles do not break up.

Second, the problem of solubility should be considered. As pressure

increases the solubility of air in water increases, and the bubbles will tend

to dissolve. The solution times are generally greater than l0- sec for

bubble radii greater than t0-3 in. and pressures less than 104 psi. For

larger bubbles (I in. radius) this time should be I sec.

To have a true shock wave in water alone, as differentiated from a
simple compression wave, the overpressure should be of the order at

.4
250, 000 psi. In order to assume that the acoustic approximations are valid

in water, this analysis is limited to water overpressures of 20, 000 psi. For

this value of overpressure, p1 /P0 <: 1.055, and it is evident that any entropy5.
jump across the wave is negligible, and the shock can be replaced by a

simple compression wave.

An analysis based upon stationary positioning of the different layers

after incidence of the initial shock and subsequent reflection and transmittal

Of waves is a reasonable first approximation consistent with the neglec•t of
S various other small scale elfcets associatcd with n acoustic -ysi s '.I- The.

medium Q(see Fig. 2) is assumed to remain passive and bomogeneous as

the wave propagates through, and effects of local diffraction, local nonhomo-

geneous reflection, various iirreversible processes, etc. , are neglected in

this first approximation. In the mixture region, the foregoing assumptions

may be considered valid for P < 5000 psi, hence acoustic methods will only
S......... .....-• -_•÷ h• ,-nnc-;,A am, fnr this on erprrresaure ran ge i~n the miy-tture, 1---hn,. o"h .... €• 'ater

.. o-

alone, such methods are clearly valid for P1 : Z0, 000 psi. Detailed expres-
6 3 _sions for shock wave propagation in water and bubbly mixtures are in --

agreement, for lower overpressure ratios (P 1 < 5000 psi), with the results

from the acoustic analysis presented here.

-7-



:• - • :- ____£:: •- -• ' -- __ __-_-_:•- ---• •:- •#.- • -•,-•• ~ .•- • .••-- -

-lii

11. ATTENUATION OF' BLAST WAVES

In this section, the possible vses of bubbly water to alleviate the effects

of an atomic blast will be considered. An atomic blast in shallow water will

have four main effects. First, there will be a. shock wave generated in the

water. It is expected that this will decay fairly rapidly into a simple com-

pression wave (P 1 " 5000 psi) which may be treated by U:. vtoustic approxi-

mation and which can be transmitted over fairly long distances. Secondly.

there will be a "water wave" or tidal wave generated. Thirdly. a ground

blast will be generated, and this will, of course, interact with'the first two.

Last, there will be an air blast wave generated, which is essentially the

transmitted shock wave through the air-water interface.

This report is concerned primarily with the shock -#ýe effect. The

ground wave and the air wave have different effects arid should be considered

separately. The tidal wave will have long wavelengths (long compared with

"1 *the dimensions of the bubbly water and/or the structure considered), and will

dep•2nd on the parameters of the bomb and of the specific geometric configura-

tion of the ocean bottom. The definition of the tidal wave problem with respect

to these parameters is quite complicated and will not be considered here.

An actual shock wave in water implies an overpressure of the order of
4I

Z!.0, 000 psi. It is felt that little can be done to harden a structure to such

pressures. Accordingly, for purposes of this investigation, the pressure

wave in the water will be considered to have an overpressure of Z0, 000 psi

or less. For this range of pressure, the usual acoustic approximation will

be valid in water, since P/k ;z 0. 067. As mentioned in the previous section,

in the air-water mixture, straightforward acoustic meihods may be used with

confidence for P, ý 5000 psi; therefore, hardening will only be considered

for this range of overpressures, although in water alone higher P 1 values

may be treated by acoustic methods.

First, consider the blast wave propagating through an infinite layer of

bubbly water. The situation is depicted schematically in Fig. 2, where the

-9-



source in assumed to be so far away that reflection from the so-irce at A can

-b, ignored. In rnediuni 0 one has

Ox c t

1 (13)

I I

ax P1 7tF

S _.larly, in rnediurn Q one has

2_

Ox C 2 at4

In iq s. (13) and (14), U1I and U 2 are the velocities of the fluid particles inI
-the two media, F1 and P2 are the pressures, and c, and c,. are the sound
speeds derived in Section II. The boundary conditions at the interfaceB

are that U1  U2 and P1  P Z' If an incident pressure pulse P[ t - (X/C1 ) is

assumed to be incoming from the explosive source, then one can easily derive

P1 =P t2L) (I .X) P(+2-) )15

A-10
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where X is the transmission coefficient given by

11' (16)
I + P2-Z -Z

The results are now simple to interpret. An initial pressure pulse P 0 (t) is

attenuated into medium ( with a strength XP(t). (It no"st be borne in mind

that these are overpressures.) If the densities of tht, ', media are assumed
to be the same, and one takes c 2  100 ft/sec, cI = 5000 it/sec, one has

-2
II +-6 ~ 17

This is an attenuation of a factor of 25. The greater attenuation will occur

Swhen a = 1/2, and w ill be greater than this. The attenuation given by E q. (22)

reduces a blast wave of 5000 psi to one of 200 psi, a sizeable reduction. I
Next, consider a bubble layer, illustrated by Fig. 3. Taking a Laplatc-

transform, applying the boundary condition, and taking the incoming pulse in

medurn Q as P[t - (x/c 1 )), one obtains

J~:).2 -X -- •[!-(- )ex-(---[)]-
X(3 -X

1 ) P ( X) exp(-2 0s)] (L 8)

X[2 1X) i; ex( I + (1 ( )2 exp(-2T2 s) + (I X)-4 exp(-4TS)]

c 1)2- 11-

I_ AII
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where = 1
2 /c 2 . Each term in the series contained in the braces

represents a reflcction froa C to B and back to C into medium 03 again.

Thus,

-- + (I X) PO (I' -IZ -

+ (1 - ))P 0  -r - -)- . . ." (19)

where 'r t - 'r,

In this case, the attenuation is not quite as straightforward to

determine as before. The pulse P 0 will possess a width, say Tr0 . If it is

less than Z'r2 , th<;n a point z will see a series of separate pulses as shown

in Fig. 4. Each succeeding pulse is attenuated from the original transmitted

pulse by a factor of (I - K) 2, (1 - X)4, etc. The original attenuation of (2 - K)

multiplies the entire expression. If, however, 'T0 > 2>f, then the situation is

as shown in Fig. 5. Each reflected pulse catches up with the preceding one

for some portion of its width. It is conceivable that these reflected pulses

could even add up to a pulse greater than the original pulse. In any event,

the spacing of the bubble layer should be adjusted to avoid these additive

reflections. Periods for blast pulses for lower energy explosions have been
6

given; however, for the energies considered in underwater nuclear blasts,

data is not available to the authors at present, nor is data on the width and

shape of blrst pulses. The simplifying assumption of a plane shock of

infinitesimal thickness is used throughout this analysis; a more detailed

approach must necessarily use the entire pulse shape behind the steep

fronted initial nortion of the

Next, consider a rigid wall protected by a bubble layer. The geometry

is as in Fig. 3 except that medium is now a rigid wall. The solution for

the pressure at the interface C is now

P =2KP0 exp(-si 2 )[ I (1 -K) exp(-2 s'r)]1 (20)

I,

-12-
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The term exp(-BTZ) represents the time the original disturbance takes to

reach the wall C. Measuring time fronm this point, -r = t - "rz, eliminates

this factor. Thus:

2
P ZXP + o +(I - X) exp(- Zsr,) + (I - X) exp(- s', . . .] (21)

C -o

The situation is identical to the preceding one except that each
2successive pulse is attenuated by the factor (1 - X) instead of (1 - K) The

inversion of (21) gives

PC = a[P 0 (T) + (I - K)P 0 ( r 2-' ) + (I - X) 2 P(,r - 4T,,) 4 . . . (22)
0 =z 2 0 9

joth principal attenuations M(2 - K) and 2K are of the order of I/I2. 5, which

is at least one order of magnitude (assuming c, W i00 ft/sec, c1 s; 5000 ft/sec).

There are other configurations of interest, such as multiple layers,

and curved layers that can be investigated, but since thiis is a preliminary

analysis it is not deemed necct-sary to do so.

For pressures of the order of P Z 4000 psi. attenuatinS ... A;-+r.-.A

here and .;ht•rt 6 1;rn in Ref. 3 are comparable- For higher pressures

Ref. 3 assumes the acoustic approximation to hold provided the local sound

speeds in ® are adjusted due to the passage of the initial pressure and

reflected waves through Q" For the lower pressures (P 1i < 4000 psi) the
Smedium is essentially passive 3nd the wave has small effect on the sound

speed change, so that the simple acoustic approximatioA is applicable in the

H usual sense. In Ref. 3, for P1 Z 10, 000 psi, attenuations are smnall due to

the Iact that the passage of the wave increases sound speed to near that of

pure water. The reflected wave of small intensity is then practically

repropagating through pure water; i. e., the initial wave propagates into a

region of the same acoustic impedance as that behind the wave. The possibility

of the bubble mixturc undergoing phase changes, the collapse of the bubbles

"to vanishingly small radius as the wave propagates through, and the resulting

-13-
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effect on wave propagation phenomena and reflection phenomena, make the

applicability of acoustic methods seem somewhat limited even with local

2 -impedance changes within Q governing virious strength waves propagating

through®. Aeference 3 requires the assumption of thin bubble layer

thickness to hold so that the wave may be considered as a plane shock in .
Hence, limitations of a higher order of complexity limlit the present analysis

to overpressures P 1 t 5000 psi and thin bubble shcts. Considerable attcnua.-

tion is obtained both in Ref. 3 ane the present analysis by the addit..,n of a

bubble layer. The coi-fir-nation of the results ;Ni Ref. 3 for P1 I 5000 psi

implies a workable method for attenuation; for higher pressures, the

mechanisms and wave models must necessarily be subject to expe-iment to

obtain reliable results, as the acoustic approximation iin a nonparsive medium

is open to question. Therefore, it is the conclusion of this paper that a

bubble layer, or a sequence of layers, is sufficient to attenuate a water shock

wave of P 1 M 5000 psi by one or more orders of magnitude. Further attenua-

tions for higher PI values must be determinted by consideration of more

complex wave phenomena beyond the scope of this preliminary report.

I14
j-14- ".I



TV. CONCLUSIONS AND RECOMMI:NIENA'I IONS

It has beeni shown in this paper (ha! a layer of bubbler. can reduce the

ovcrpressurv of a shock wave in water by an orde-r of m~asnitude for it single

layer. For multiple layers, the attenuz-tion could beconsiderably greater.

Much of the groundwork for a practical study of such a method of
3hardening sites has been done. Many important problems such as the

f•iffraction of a shoclk wave by a bubble layer surrounding an ob.stacle, and

others mentioned here, are left unanaswered. It is felt, however, that the

main need is for v~xperimentai work to verify the theory of bubbly mixtures.

to verify the computed attenuation for the acoustic alppruxinat.-on given )lure.

and to determfine lhtý limit of extension of the acoustic approximation to higher

l•verpressures. Additional e2:perimunts for more corrphtx nonlinear wa -e

models and separation distances are also ,clearly indicated as farther extn-,i

sions of this hardening concept.

-15-
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Table 1. c vs a for STP

FUc ft/sec c ft./ser" :f (Calculated) (Weasured)[ 1

0. 05 151.6 150 *1

0. 110. 2 128

0. 15 92.70 95

0. 2 82.62 141

"oTable I. c vs ti for the Isothermal and the Adiabatic

Case at Sea Level and 100 ft below Sea Level

Sea Level 100 Feet

a c1 ca c. c
W a a

0. 05 151. 5 179. 2 300. 355.6

0. 1 110. 0 130. 1 218. 5 258.4

F0. 15 92.05 108. 9 182.8 216. 3

0.2 82. 57 97.68 164.0 194.0

0.25 76. 27 90.25 151. 5 179. 2

II -19-
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Fig. 1. c vs a for a Bubble Mixture
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Fig. 3. A Bubble Layer
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13 ABSTRACT

The attenuation of a blast wave passing through a layer of bubbly water
is investigated under assumptions that permit an acoustic analysis. The
prescnce of a small amount of air in water reduces the speed of sound
drastically, often two orders of magnitude. For example, it is found that in1
a mixture of air and water at STP, the speed of sound is between 100 and 170
ft/sec for an air to mixture volume ratio of 5 to 15 percent. It is shown that
this phenomenon can be used to harden underwater structures to fairly sizable
compression waves (2s5000 psi) and to produce a possible order of magnitude
reduct+ion in the overpressure for a si.ngle bubble layer. Further attenuation
may th en be obtained by a sequence of bubble layers.
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